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Abstract 
Broaching is the standard machining process for fir-tree slots in turbine discs. Due to the fact that Inconel 718 turbine discs belong 
to the safety critical components of aero engines, there are high demands on dimensional accuracy and surface quality. The cutting 
parameters as well as tool, fixture and machine tool are critical factors to fulfill these high requirements. Within the next years the 
process has to be designed for the needs of new turbine disc geometries, disc materials and tool materials. Therefore, detailed 
knowledge about process forces is an essential prerequisite. Modern 2D FEM simulations enable calculations of the thermo-
mechanical load collective in the chip-tool interface. 
A 2D chip formation model of the broaching process has been designed to calculate cutting forces for process relevant parameters, 
as the rake angle, rise per tooth and cutting speed. Depending on these parameters a multivariate regression model has been de-
veloped. The chip formation and the multivariate regression model have been validated on a test bench for fundamental cutting 
investigations, simultaneous process forces were measured and high speed films were recorded. This paper thoroughly discusses the 
results and evaluates the application potential. 
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1. Introduction 
1.1. Broaching technology 
Broaching is the standard machining operation for 
manufacturing complex profiles. It has a wide field of 
application in automotive and aeronautic industries. For 
turbine engines broaching is the favored operation to 
manufacture complex fir-tree profiles. This is due to the 
fact that by broaching high requirements on quality 
regarding accuracy on positional and shape tolerance as 
well as surface roughness and integrity can be achieved. 
Beside the high quality requirements the materials to 
machine are challenging. In turbine discs mainly high-
temperature resistant super-alloys are employed, such as 
Inconel 718, René 104 and IN100 PM. [1] In general, 
these materials can be seen as difficult to machine. 
During the machining process they cause high process 
tem-peratures and cutting forces which result in relative 
high tool wear. Standard tool grade for broaching nickel 
basis alloys is high speed steel (HSS) whereby cemented 
carbide showed high potential for this application. [1][2]  
1.2. Design of broaching processes 
Broaching tools consist of a roughing, finishing and 
calibration section. Each section consists of a certain 
number of details whereby the tooth geometry, such as 
rise per tooth, RPT and length of cutting edge, can differ 
from detail to detail. Hence, a broach is a complex multi-
toothed tool whereby the teeth are staggered in a row by 
the rise per tooth which corresponds to the uncut chip 
thickness. The complex geometry and high number of 
teeth that need to be grinded into the tool lead to high 
tooling costs. In combination with low tool life 
machining super alloys, this conclusively leads to high 
manufacturing costs.  
The broach design is done by design engineers which 
have many years of practical experience. [3] The design 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of The International Scie tifi c Committee of the “14th CIRP Conference on Modeling of Machining 
Operatio s” in the perso  of th  Conference Chair Pr f. Luca Setti eri
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
410   P. Vogtel et al. /  Procedia CIRP  8 ( 2013 )  409 – 414 
 
process of broaches is critical due to the fact that many 
important process parameters such as rise per tooth, rake 
angle, length of cutting edge, edge radius and pitch need 
to be defined before manufacturing the tool and cannot 
be changed afterwards without regrinding. Hence, errors 
in design have very high follow-up costs. Therefore, 
knowledge about process forces is a valuable input for 
design engineers. The process forces depend on work 
piece material, process parameters and tool geometry. 
The tool designer needs to consider the maximum 
allowable process forces which are limited by the broach 
itself, the work piece fixture and the power of the 
broaching machine. Software tools estimating the load 
caused by cutting forces at the broach are already very 
helpful in design phase, [4] but they need reliable data 
on specific cutting forces. In the case that no cutting data 
exists, time and cost consuming cutting tests have to be 
done. 
2. Approach to develop the multivariate regression 
force model 
Knowledge of process forces is a central input 
parameter for the design of broaches. 
Process forces depend on work piece material, 
process parameters and tool geometry. Widespread is the 
empirical approach of KIENZLE. [5] This approach 
describes the process force Fi in equation (1) as a 
function of the specific process force ki1.1, width of cut b, 
thickness of cut h and rise in cutting force related to 
nominal width of cut as function of the nominal thick-
ness of cut mc. 
mc
ii hkbF
1
1.1  (1) 
The two constants ki.i and mc must be determined by 
experimental testing. The constants are only valid among 
the cutting conditions under which they were obtained. 
For varying cutting speed, tool wear, rake angle and 
other influencing parameters, correction factors need to 
be estimated. For uncut chip thicknesses hcu 
extrapolation of process forces by the Kienzle equation 
is not allowed. In this range the influence of micro 
cutting edge geometry, in particular the edge radius 
influences the process forces significantly. Hence, 
Gutmann developed a method for calculating process 
forces in hobbing that considers the uncut chip 
 
In broaching process of nickel based alloys uncut 
chip thicknesses vary in a range of 0.02 - 
Therefore the equation of Kienzle cannot be used 
unrestrictedly. For broaching, chip thickness, or the rise 
per tooth respectively, is part of the tool geometry and 
cannot be set by the process. To investigate the influence 
of different rises per tooth (RPT) a whole set of broaches 
needs to be manufactured. Hence, the determination of 
process forces for a wide range of process parameters 
(RPT), , r , vc in broaching is very cost and time 
consuming.  
This paper presents a procedure to create a 
multivariate regression force model using FE-simulation 
of chip formation to minimize experimental tests 
expenditure. In a first step, a material model is adapted 
to the specific material. To achieve an accurate material 
model the five constants of the Johnson Cook 
Constitutive Equation [7] for Inconel 718 were 
determined by an inverse method as described by Klocke 
et al [9]. 
In a second step FE-simulations following a factorial 
full trial schedule are run. 2D-FE can be seen as 
sufficiently precise due to the fact that the cutting 
conditions during broaching correspond to an orthogonal 
cut. In the simulations the parameters (RPT),  and vc 
will be taken into account. Process forces, serration ratio 
and curling radius are verified by a reduced experimental 
test schedule to ensure the quality of the simulation 
model. The factorial full trial simulation schedule is 
evaluated regarding the process forces. In a third step a 
regression model for cutting forces is developed based 
on the evaluation of simulation. The regression model is 
verified by the experimental analogy tests and finally by 
a real broaching process. The advantage of the describe 
procedure would be that only a single experimental test 
is needed to developing the multivariate regression force 
model, whereby multiple parameter such as (RPT),  and 
vc would be consideration in the model. Nevertheless for 
verification of the model sill additional experimental test 
should be taken into account, but overall the amount of 
experimental trials could be reduced.   
3. Machining tests 
For the determination of constitutive equation of 
Inconel 718 and for the verification of the simulations, 
experimental machining tests have been conducted in 
order to obtain process forces and chip formation. 
Therefore a fundamental machining test setup has been 
developed. Important aspects of this setup are constant 
cutting conditions. Cutting speed and the uncut chip 
thickness have to be set exactly. Work piece fixture and 
tool holder have to be stiff in order to reduce vibration 
and minimize the influence of the machine tool. The test 
setup, shown in figure 1, allows a free orthogonal cut 
with a single cutting edge. It was mounted into a Forst 
broaching machine of the type 8x2200x600M/CNC. The 
excellent stiffness properties of the broaching machine 
and fixture minimize vibrations.  
A work piece fixture was installed into the slider of 
the broaching machine. The Inconel 718 sheet 
(dimensions l = 50 mm, d = 35 mm and w = 3 mm) was 
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mounted into that work piece fixture. The dimension w 
corresponds to the width of cut b = 3 mm. 
The linear geometry of the work pieces combined 
with the free orthogonal cut enables to provide the same 
cutting kinematic as in the 2D FE-simulation. This 
results in excellent prerequisites for the comparison of 
experimental cutting tests and FE-simulations. 
The tool holder was mounted directly onto a 3-
component dynamometer. The measuring range covers 
±50 kN in z, and ±50 kN in x and y-direction. In all 
directions natural frequencies are between 1.1. and 1.2 
kHz. The system was developed and calibrated for 
external broaching taking into account that the work 
piece point is located outside the dynamometer. 
The chip formation process is filmed by a high speed 
camera and the chip geometries are analyzed by optical 
microscopy. 
High Speed Camera  
Workpiece
Holder
Groundplate with
piezo-electric
Dynamometer
Broaching Machine Forst 
RASX 8x2200x600M/CNC
Workpiece
5
2
6
1
1
3
3
6
4
4
Tool 5
Halogen spotlight 2  
Fig. 1. Experimental Set-Up for Orthogonal Cutting Tests 
Uncoated cemented carbide inserts (WC-6CO) were 
used. The cutting conditions investigated are shown in 
Table 1. All tool rake angles were 0°, all tool flank 
angles were 3° and the cutting edge radii were 
r  = 30 
formers were used. All machining results are discussed 
in the experimental validation in section 4. 
Table 1. Conducted Orthogonal Cutting Experiments 
Material 
Uncut chip thickness 
RPT~h / mm 
Cutting Speed 
vc / (m/min) 
Inconel 718 
0.020 
10 
20 
30 
40 
50 
0.050 
5 
10 
20 
30 
40 
0.075 20 
0.100 20 
4. Simulation 
To generate a detailed database for the force 
regression model, an extended simulation schedule was 
simulated, see Table 2. For the rake angle of 0°, the 
entire range of cutting speeds (vc = 10 – 50 m/min) and 
rises per tooth (h = 0.02 – 0.1 mm) was simulated. For 
the rake angles of 5°, 10° and 15° selected feeds and 
cutting speeds were used for simulation as can be seen in 
Table 2. 
The commercial FE code Deform 2D was used. The 
simulations are based on an implicit updated Lagrangian 
formulation. Thermal properties of cemented carbide 
(WC-6CO) were taken from the literature, while thermal 
properties for Inconel 718 were taken from the 
Deform 2D library. 
Table 2. Conducted 2D-FE simulation 
Rake Angle 
 / ° 
Uncut chip thickness 
RPT~h / mm 
Cutting Speed 
Vc / (m/min) 
0 
0.020 10 / 20 / 30 / 40 / 50 
0.050 10 / 20 / 30 / 40 / 50 
0.075 10 / 20 / 30 / 40 / 50 
0.100 10 / 20 / 30 / 40 / 50 
5 
0.050 
20 
10 
15 
10 / 20 / 50 
0.020 
20 0.075 
0.100 
bold: same parameters as in experimental trials 
In order to determine the constitutive equation of 
Inconel 718 an inverse method was used. The five 
constants of Johnson Cook equation (2) have to be 
identified: A, B, n, C and m, as described in.[9][10] 
m
0melt
0
0
n
yld TT
TT
1ln1BA (2) 
The constants were determined as follows: A = 1485 
MPa, B = 904, n = 0.777, m = 1.689, C = 0.015, Dcrit = 
97.8, p = 43.13 %. 
The occurrence of chip serration was considered by 
the Cockcroft & Latham damage criterion. For strain 
hardening behavior at room temperature a quasi-static 
flow curve was taken from Issler [11]. The difference in 
hardness of investigated material and the one described 
by Issler was adjusted by the use of DIN EN ISO 
18265:2003 in order to shift Isslers flow curve to the 
required hardness of 46 HRC. [13] 
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The work piece material is modeled to be visco-
plastic. The tool was assumed to be rigid.  
The friction in the interface between tool and work 
piece has significant influence on the simulation of 
cutting forces and chip geometry. A hybrid friction 
model, as described in [9], has been used. The velocity 
dependent friction coefficients of the model have been 
obtained for the investigated material combination 
according to [9]. Figure 2 shows these coefficients 
plotted against the relevant relative velocities for 
broaching and the material combination used. 
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Fig. 2. Implemented Coulomb friction coefficients in the hybrid 
friction model for uncoated cemented carbide and Inconel 718 [9] 
5. Validation of the Simulation 
Estimating the quality of the FE-simulation, a 
detailed validation has to be conducted. Hence, 
simulated and measured cutting force components (Fc, 
FcN), serration ratio hmax/hmin and the cutting 
temperatures were compared directly for varying cutting 
conditions. Figure 3 shows the measured and predicted 
force components relative to width of undeformed chip 
(3) for Inconel 718 plotted against the rise per tooth. 
b
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Fig. 3. Experimental validation with respect to the cutting forces 
For relative cutting forces the maximum error is 
below 10%. Relative cutting normal force shows a 
maximum error of 22%. Highest deviations show for the 
lowest rise per tooth. In that case the cutting edge radius 
has a high influence on cutting forces. Figure 4 shows 
measured and calculated force components relative to 
width of undeformed chip plotted against the cutting 
speed. The cutting speed showed no significant influence 
for the investigated process parameters. 
The serrated chip geometries are considered in the 
FE-model by the Cockcroft & Latham damage criterion. 
Chip serrated ratio is defined as hmax/hmin. 
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Fig. 4. Experimental validation with respect to the cutting forces for 
Inconel 718 
Figure 5 shows a good agreement between 
experiments and calculated chip serration ratio. 
Considering the wide range of applied cutting speeds 
(~strain rates) and feed rates (~strains) the simulation 
shows excellent results. 
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Fig. 5. Experimental validation with respect to the chip serration ratio 
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The simulated temperatures were compared to 
temperatures measured in the cutting tests using a 2-
color-pyrometer. During the cut the fiber is located in a 
through hole in the work piece and faces the cutting edge 
of the passing broach, see Figure 6. [15] Predicted 
temperatures show a good accordance to the measured 
ones, see figure 6. 
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Fig. 6. Experimental and simulated temperatures at the tool flank face 
when machining Inconel 718 [15] 
6. Regression Model 
A multi regression force model is generated based on 
the results of the simulations using variable cutting 
speed vc, rise per tooth (RPT) and rake angle . Two 
mathematic approximations are chosen, a full linear 
function (4) and a combination of linear and power law 
function (5) to describe the relative process forces Fc’ 
and FcN’. 
Relative force multivariate regression model based on 
the linear function: 
3210' aavaRPTaF ci   (4) 
Relative force multivariate regression model based 
the combination of linear and power law function: 
54
2
320
1' aaavaRPTaF c
a
i  (5) 
In Table 3 the determined parameters for the two 
different approaches are listed. The two approaches are 
highly dependent on the parameter weighting the rise per 
tooth (RPT). The lowest influence on the relative forces 
is performed by the parameter corresponding to the 
cutting speed vc. In order to evaluate the quality of the 
model, the square error R2 is considered. Both 
approaches show high values for the square error and 
prove excellent quality of the approach. 
Table 3. Variables for multi regression models 
Pa
ra
-m
et
er
 Approach 
linear combination 
Fc’ FcN’ Fc’ FcN’ 
a0 2632 713 1906 294 
a1 0.056 2.081 0.821 0.379 
a2 -2.530 -3.644 0.045 1.000 
a3 103.1 157.8 0.071 0.440 
a4 - - -3.676 -10.72 
a5 - - 77.06 135.8 
R² 0.987 0.968 0.988 0.975 
7. Validation of Regression Model 
The validation of the regression model is exclusively 
done with the second approach using combination of 
linear and power law function. 
The validation of multivariate regression model 
shows deviation below 10% compared to the 
experimental analogy tests, see figure 7 and 8. Only for 
the lowest rise per tooth (0.02 mm) the deviation shows 
a value of 26% for the relative cutting normal force 
figure 9 shows a force signal of a real broaching process 
compared to predicted forces based on the multi 
regression force model. The deviation between 
regression and experiment is below 10%. 
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Fig. 7. Validation of regression model with respect to rise per tooth 
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Fig. 8. Validation of regression model with respect to cutting speed 
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Fig. 9. Validation with real broaching process 
8. Conclusions 
In this paper a procedure to create a multivariate 
regression force model using FE-simulation of chip 
formation aiming to minimize experimental tests 
expenditure was presented. 
The method was successfully applied and validated 
for Inconel 718 for various cutting speeds and feed rates 
as well as rake angles. The measured and predicted 
cutting forces, chip geometries and temperatures are in 
close agreement. By the multivariate regression force 
model a good approach to calculating the process forces 
Fc’ and FcN’ was achieved. The method can be applied to 
other material combinations in order to obtain specific 
cutting force data for broaching operations with a 
minimum experimental effort. The advantage of the 
describe procedure is that only a single experimental test 
is needed to generate the multivariate regression force 
model, whereby multiple parameter such as (RPT),  and 
vc are consideration in the model. Overall the amount of 
experimental trials can be reduced; nevertheless for 
verification of the model sill additional experimental test 
should be taken into account. 
Acknowledgements 
The authors would like to thank the German Research 
Foundation (DFG) for the funding of the broaching tool 
machine and thereby the depicted research. 
References 
[1] Gerloff, S., Herausforderungen an die spanende Bearbeitung, MTU 
Aero Engines GmbH 
[2] Pöhls M., 2000, „Untersuchungen zum Räumen mit 
Feinstkornhartmetall und Cermet“ Dissertation, RWTH Aachen 
University 
[3] Opferkuch, R.,1981, Die Werkzeugbeanspruchung beim Räumen, 
Dissertation, University of Karlsruhe 
[4] Kokturk, U., Budak, E., 2012, Optimization of Broaching Tool 
Design, Intelligent Computation in Manufacturing Engineering, 4 
[5] Kienzle, O.; 1952, Die Bestimmung von Kräften und Leistungen an 
spanenden Werkzeugen und Werkzeugmaschinen. VDI-
Zeitschrift, 94/11/12:299-305 
[6] Gutman, P., 1988, ‘‘Zerspankraftberechnung beim Waelzfraesen,’’ 
Ph.d. thesis, RWTH Aachen University 
[7] Johnson, G.R.; Cook, W.H., A Constitutive Model and Data for 
Metals Subjected to Large Strains, High Strain-Rate, and 
Temperatures, Proceedings of the 7th International Symposium on 
Ballistics. The Hague, The Netherlands, April 1983:1-7 
[8] Dixit, U.; Joshi, S.; Davim, J., 2011, Incorporation of material 
behavior in modeling of metal forming and machining processes: 
A review, Materials & Design, 32/7:3655–3670 
[9] Klocke, F., Lung, D., Buchkremer, S., 2013, Inverse identification 
of the constitutive equation of In 718 and AISI 1045 from FE 
machining simulations, 14th Cirp Conference on Modelling of 
Machining Operations, Turin 
[10] Shrot, A.; Bäker, M., 2011, Inverse Identification of Johnson-Cook 
Material Parameters from Machining Simulations, Advanced 
Materials Research, 223:277-285 
[11] Issler, S., 2002, Development of a Concept for Life Prediction of 
Blade-Disc-Connections of Gasturbines (originally in German), 
PhD Dissertation, University of Stuttgart, German 
[12] Jaspers, S.P.F.C., 1999, Metal Cutting Mechanics and Material 
Behaviour. Ph.D Thesis, TU Eindhoven, The Netherlands 
[13] DIN EN ISO 18265:2003 
[14] Puls, H.; Klocke, F.; Lung, D., 2012, A new experimental 
methodology to analyse the friction behaviour at the tool-chip 
interface in metal cutting, Production Engineering, 6/4-5:349-354 
[15] Klocke,F; Gierlings, S.; Vogtel, P.; Veselovac, D.; Lung, D.; 2012, 
Impact of Cutting Speed and –Material on Surface Quality in 
Broaching of Nickel-Based Alloys, Nith International Conference 
on HIGH SPEED MACHINING, San Sebastian 
[16] Cockcroft, M.G.; Latham, D.J., 1968, Ductility and Workability of 
Metals, Journal of the Institute of Metals, 96/2:33-39 
